The spectroscopic properties, including emission spectra and lifetimes, absorption and diffuse reflectance spectra and excitation spectra, of the hexanuclear copper(1) and silver(1) clusters Cu6(mtc)6 (l), Ag6(mtc) (2), and Ag,(dt~)~ (3) (mtc = di-npropylmonothiocarbamate, dtc = di-n-propyldithiocarbamate) are reported. At room temperature 1 exhibits a strong single emission (e.g., in toluene A=, = 725 nm, T = 1.0 I S ) , while at 77 K each of these is a bright emitter (spectral properties: 1 in toluene, 
Introduction
During recent years there has been considerable interest in the photophysical properties of polynuclear dI0 metal complexes,l including those of copper(I),2-4 silver(I),Ss6 and g0ld(I).'3~ One issue of special interest is the extent of metal-metal interaction in the ground and relevant excited states."* Although numerous studies have been concerned with the photophysical properties of polynuclear Cu(1) and Au(1) complexes, polynuclear complexes of the homologous Ag(1) metal center have received little attention, perhaps because of the sensitivity of silver compounds toward photodecomposition. In addition, previous quantitative studies of polynuclear C U ( I )~~~ complexes have been largely focused on compounds which contain a tetrahedral metal cluster. An extension of these investigations to hexanuclear octahedral metal clusters should be of considerable interest.
Described here are photophysical investigations of the hexameric copper(1) and silver (1) and Cu6(mtc)6 (1)" (mtc = di-n-propylmonothiorbamate, (n-C,H,),"C(O)S-; dtc = di-n-propyldithiocarbamate, (n-C3H7)2NCSZ-), each of which has a structure analogous to A shown in Figure 1 .
Experimental Section
Materials. All chemicals used in syntheses were reagent grade. Emission, excitation and lifetime data were recorded under a dinitrogen atmosphere. Solvents for spectroscopic studies were redistilled before use.
Compounds 1 and 2 were synthesized and purified according to published methods.15 Compound 3 was synthesized by Akerstrk's method16 and purified by column chromatography (mobile phase toluene/diethyl ether (1:l); stationary phase Sigma No. A 9003 Chromatographic Alumina Neutral Type WN-3 activity grade I). Exposure to light during synthesis and purification of 2 and 3 was avoided.
Melting points and crystal lattice co4stants of 1 and 2 were in good correspondence with data published by Akerstr6m,16 Hesse,15 and Jen- 
90.33').
The melting point of 3 (mp 152-153 'C) was in agreement with published datal6 (mp 154-155 'C). The experimental powder pattern of 3 matched the pattern generated by published data.14 The elemental analyses of 1-3 were in good agreement with calculated data. Anal. Instrumentation. Absorption spectra of solutions were collected with a HP 8452 diode array UV/vis spectrophotometer in 1-cm quartz cells.
Diffuse reflectance (DR) spectra of solids were recorded on a Cary 14 UV/vis spectrophotometer equipped with an integrating sphere and On-Line Instrument Systems (OLIS) computer control system in the laboratory of G. Stucky at UCSB. Solid MgCOp was used as reference, and samples were diluted with MgCOp (-5-10% sample by weight).
Emission spectra were collected with a Spex Fluorolog 2 spectrofluorimeter (150-W Xe lamp, two single monochromators, water-cooled Hamamatsu R928A photomultiplier (PMT) configured for photon counting) with a Spex Datamate I1 data station. Emission was passed through a Corning glass cutoff filter (3-72 or 3-71) prior to the PMT. Emission spectra were normalized but were not corrected for PMT response. Quartz or Pyrex tubes (diameter 5 mm) sealed with septa or flame-sealed were used as sample cells. The range of solution concentrations used was 10-4-10-5 M. Data at 77 K were recorded by cooling the sample with liquid nitrogen in a Pyrex Dewar flask.
Excitation spectra were collected with the Spex Fluorolog 2 system and were normalized and corrected for lamp intensity variation by the ratio method with Rhodamine 6G reference.
Lifetime data were collected with a Quanta Ray DCR-1A Q-switched Nd/YAG pulsed laser (operating at 10 Hz) as the excitation source. The power output at 355 nm was 40-50 mJ/pulse for samples of 1 and <10 mJ/pulse for samples of 2 and 3. A HG-1 harmonic generator and a PHS-1 harmonic separator were used to isolate the desired third harmonic (355 nm). Specific wavelength dichroic mirrors mounted on beam steering towers were used to direct the excitation beam and to ensure laser-line quality at the sample. The sample emission was monitored at a right angle to the excitation source. The sample emission was filtered with appropriate filters (Schott plastic filter Data were analyzed by exponential curve fitting. Data for 2 (16 shots pcr 512 point array) were waluated manually by a plot of In (intensity) versus time. Samples for lifetime measurements were prepred in the same manner as thosc for emission spectra. Unlcss otherwise noted. lifetime measurements were reproducible to within *IO%.
High-resolution powder diffraction data were wllsteed for each sample with a Seintag PadX automated powder X-ray diffractomelm (Model XPH-105) using Cu Ka radiation.
R d * l
Absorptiol, a d Dlffnw Rcfkfbaec S p a n The absorption spectra of solution samples of 1-3 and the diffuse reflectance spsva of the solids of thesame mataids arc summarized in Table   1 . Examples of the sdution spectra arc shown in Figure 2 . These compounds display strong absorptions in the UV region. which appear to be ligand-localized transitions, shited to somewhat lower energy, plus much weaker bands or shoulders a t longer wavelengths. The spectral patterns for the two monothiocarbamate clusters 1 and 2 were similar, with the longer wavelength absorption appearing as a peak at -340 nm with a shoulder at -430 nm for Cu6(mtc)6 and as a p k a t -310 nm and shoulder a t -360 nm for A&(mtc)6. Thse bands were relatively insensitive tosolvent but did shift modestly to higher energy in the more polar media. Diffuse reflectance spectra of the respective solids demonstrated the transitions at nearly the Same wavelengths, although the shoulders amcared in the DR SDeCtra as oeab for both 1 and ..
(Figure 3).
The solution abwmion s~cctra of the dithiocarbamate onnulcx A&(dtc), in diNmioOlvents show only a broad shoulder at -.336 nm in the near-UV region (Figure 2) . although the absaption tails to much longer wavelength. However. this band appears clearly as a peak at 339 nm in the DR spectrum of solid 3 (Figure   3 ). Attempts to ncord the spMrum of 3 in aatonivile or ethanol were unsuccessful owing to low solubility. 'Temperature in K. b(Uncorrected) emission maximum in nm (excitation wavelength = A'"). 'Full width at half-height of the emission band in lo3 cm-I. "Excitation maxima in nm monitored at A, ! &; p = peak, sh = shoulder. cEnergy difference (in lo3 cm-l) between emission maxima and lowest excitation maximum. same conditions. The bright green emission from the dithiocarbamate cluster (Ag6(dt~)6 occurs a t even higher energy with E values of 545 and 550 nm (Figure 6 ) as a solid and in a toluene solution, respectively. For both clusters, the emission spectra were independent of the excitation wavelength and showed only modest shifts to a shorter cx when ethanol was used as the solvent instead of toluene. Lifetime measurements showed the emission from solid 2 to have a lifetime of -100 ps but to be nonexponential, while single-exponential decays were observed in ethanol and toluene solutions. Notably, these were nearly an order of magnitude longer (131 f 10 and 156 f 12 ps, respectively) than the measured lifetimes of the Cu(1) analogue 1 under similar conditions (see above) or of the dithiocarbamate complex 3, which gave lifetimes of 8.4 ps (solid), 21.3 ps (toluene solution), and 12.9 ps (ethanol/dichloromethane solution). Bandwidths and other relevant photophysical data are summarized in Table 11 .
Excitation Spectra. The excitation spectra for the emissions from toluene solutions of 1-3 (monitoring at Ae& in each case) are displayed in Figures 4-6 , and the A& values determined in other media are summarized in Table 11 . In each case, the excitation spectra displayed two maxima. For the Cu6(mtc)6 in 77 K toluene, the ax values were 357 and 430 nm, shifted only slightly from those seen in 294 K solution (351 and 425 nm (sh)), and these match approximately the A g x values (342 and 430 nm (sh)) seen in the 294 K toluene solution absorption spectra of 1. Similarly, the excitation maxima for A & ( m t~)~ in 77 K toluene solution occur a t wavelengths (325 and 360 nm) approximating the Azx of 294 K toluene solutions (312 and 360 nm). However, the same cannot be claimed for the 77 K toluene solution of the (dit.hiocarbamato)silver(I) cluster, the excitation spectrum of which displayed a A% a t 43 1 nm, a wavelength for which neither the solution absorption spectra nor the solid diffuse reflectance spectrum (which generally is more sensitive to low energy, forbidden transitions) indicated a transition. The excitation spectra of 3 did indicate a weaker A : , at -350 nm, which does correspond approximately to the lowest energy shoulder in the ab-sorption and diffuse reflectance spectra (Table I) . Notably, the Stokes shift from the lowest energy excitation band maximum to the emission band maximum gives a AE of about lo4 cm-' for the two monothiocarbamate clusters, but the higher energy of the emission and the lower energy excitation maximum makes the Stokes shift for the dithiocarbamate complex 3 much smaller.
Discussion
The following features should be considered in examining the photophysical properties of the clusters. First, for each complex, the absorption spectrum shows a lowest energy shoulder or peak in the near-UV region at wavelengths longer than those of the free-ligand absorption bands." These transitions, which are also prominent in the diffuse reflectance spectra of the solids, Second, at 77 K each of the clusters displays an unstructured, visible-region emission band, the energy order again following the this band is relatively independent of the solvent medium. The cu6 cluster displays this emission at ambient temperature as Well, in contrast to the Ag, clusters. Third, Stokes shifts from the excitation maxima, especially for the two mtc-complexes, are quite large and suggest significant structural distortion between the emitting and ground states. Fourth, luminescence lifetimes at 77 K are relatively long (>I ps), implying that the transitions involved are forbidden, most likely the result of emissions from triplet excited states.
Structurally, the metal atoms in the hexameric clusters 1 and 2 form nearly regular octahedra with metal-metal distances (1, If the comparison is made to van der Waals radii of the metals (1.40 and 1.70 A, respectively),I9 the distances are closer; indeed, the average Ag-Ag distance in 2 is somewhat less than the summed van der Waals radii (3.4 A). For 3, the (Ag'), core is more distorted from a regular octahedron, with a set of six short (2.91-3.20 A) and six long (3.85-4.01 A) Ag-Ag edges.14 Six of the eight triangular faces of the octahedral cores are capped by the bidentate ligands with a sulfur atom bridging one M-M edge and the oxygen of mtc-or the second sulfur of dtc-terminally bound to the third M on the face, as illustrated in Figure 1 . Cryoscopic and ebullioscopic measurements have verified that the hexameric units of the three compounds are preserved in solution.I6 This conclusion is supported by the similarities observed here for the emission spectra of each of these cluster compounds in the solid and in solution. Notably, there is a strong qualitative similarity between the absorption and emission spectral features of 1-3, which suggests that these may be characteristic properties of these (M')6 clusters.
A detailed interpretation of the complicated electronic structures of these clusters will not be attempted here. However, a qualitative model which accounts for some features in the absorption and emission spectral properties will be developed in the following discussion.
Possible assignments for the excited states relevant to the emissions observed are ones originating from ligand-centered r r * (LC) transitions, from metal-(or cluster-) centered d -s transitions, or from either metal-to-ligand (MLCT) or ligand-to-metal charge-transfer (LMCT) transitions. Of these, neither the LC nor the MLCT assignment would appear likely. The LC transitions a p ear to be too high in energy, especially for the mtcenergy absorptions or the emission bands. The LC absorption bands of other dtc-complexes, e.g., Zn(dtc),, have energies close to those of the free anion;17 furthermore, it is notable that the free ligands as sodium salts do not display any visible-range emissions. MLCT excited states have been identified as important in the follow the energy order A&(dtC)6 > A&(mtC)6 > CU6(mtC),.
Sequence A&(dtC)6 > A&(mtc)6 > CU6(mtC)6. The position Of ligand (Amx x 3 < 200 nm), to be responsible for either the lowest Sabin et al. photophysical properties of the copper( I) complexes of easily reducible ligands such as phenanthroline,2° but such an assignment does not seem reasonable for the mono-and dithiolato ligands, especially in light of the relevant bands for the Cu(1) and Ag(1) complexes having similar energies. Generally, Cu(1) is much more easily oxidized, given the higher energy of the Cu 3d orbitals relative to those of the Ag 4d orbitals.21 Furthermore, the ?r* orbitals of mtc-and dtc-are too high in energy to be realistically expected to act as acceptor orbitals for low-lying MLCT transitions.
The above considerations leave the LMCT and metal-centered d -s transitions as the most likely assignments. Since the electron affinities of the free Cu+ and Ag' ions are comparable>2 to a first approximation LMCT transitions of the Cu(1) and Ag(1) complexes of similar ligands should have comparable energies although, for the hexanuclear clusters, the molecular orbitals would certainly be dependent on the extent of mixing due to metal-metal and metal-ligand covalent interactions. The optical electronegativities of dithiocarbamato ligands are relatively small (2.7),23 just higher than that of iodide (2.5).24 Given that the thiocarbamate complexes of more oxidizing metal ions such as Cu(I1) or Ag(I1) are strongly colored owing to LMCT absorption bands in the visible r e g i~n , ,~,~~ it is reasonable to speculate that the analogous bands for the Cu(1) and Ag (1) states would also appear to be reasonable candidates for low-lying excited states among the clusters. The appearance of both the longest wavelength absorption band and the emission band for the Cu(1)-mtc cluster 1 at a somewhat lower energy than for Inorg. Chem. 1992, the Ag(1) analogue 2 would be consistent with the ordering of the d -s energies of the mononuclear free ions (above), but the differences are much smaller. Ligand coordination would be expected to raise s-orbital energies substantially, but the effect of metal-metal interactions in the octahedra would lead to substantial splitting of the d and (especially s) orbitals in a manner which may lead to marked effects on the expected molecular orbital energies. A diagram representing the resulting cluster metal M O s is displayed in Figure 7 and illustrates the stabilization of the lowest energy unfilled s orbital and corresponding destabilization of the highest energy filled d orbital. It is likely that the metal-metal interactions in the silver clusters are substantially greater than in the respective copper cluster because, relative to the sums of their respective van der Waals radii, the Ag-Ag distances, especially in 2 but also in 3, are significantly shorter than the Cu-Cu distance in 1. This enhanced interaction should decrease the d -s separation accordingly.
Earlier studies from these two l a b o r a t~r i e s~,~ have identified strong, low-energy emission bands in the luminescence spectra of the Cu(1) cluster C U~I~( P Y )~ (4) and a series of related Cu414L4 analogues where L is either a saturated or aromatic amine. Recent ab initio calculations26 have concluded that the emitting excited state can be viewed to be of mixed character consisting of roughly equal parts of iodide to copper charge transfer (XMCT, X = I) and metal-centered d -s contributions, the energies markedly influenced by the metal-metal interactions in the excited state. Blase2' has reached a similar conclusion. The idea of mixed d -s/XMCT character of electronic transitions was advanced some years ago by J~r g e n s e n~~ to explain the absorption spectra of &(I) and Ag (1) Also relevant to the present discussion is a self-consistent charge and configuration M O in~estigation~~ of Cu (1) having a core with the eight coppers in a cubane configuration with Cu-Cu distances of 2.83 A and the sulfurs coming from bidentate ions such as 1 ,l-dicyanoethylene-2,2-dithiolate.
This study concluded that the HOMO's are largely sulfur in character while the LUMO is primarily copper 4s and 4p and sulfur 3p orbitals. These results would imply that the HOMO's for the octahedral clusters described in the present case are also largely ligand in character. However, the a b initio calculations described for the Cu(1) tetrahedra26a clearly indicate considerable ground-state charge delocalization from ligand anions to the metal core and much less than a full electron transfer from ligand to metal in the lowest energy excited state. Thus, in such a case, viewing the J 3 conveniently as simply the product of a oneelectron HOMO -LUMO transition may present an incomplete picture of the changes wrought by the electronic excitation.
In the context of the calculations described above for &414(pY)4, a "cluster-centered" (CC) state with both d -s and LMCT character would appear to be an accurate, although qualitative, description of the luminactive excited states of 1-3. The alg lowest unoccupied M O of the octahedra (Figure 7) would be largely metal s orbital in character and would be a bonding M O with respect to the metal-metal interactions. Therefore, a ds transition, a LMCT transition, or the presumed C C transition of mixed character would lead to population of this orbital with a resulting contraction of the (M1)6 octahedron. Such a distortion would be one factor accounting for the large Stokes shift from the excitation maxima to the emission maxima of the two monothiocarcarbamate complexes 1 and 2. We do not have as ready an explanation for the smaller, but still substantial, Stokes shift for 3, although it should be noted that, in the ground state for this species, the core is already significantly distorted from the nearly regular octahedra which characterize the other two.
The relatively long emission lifetimes at 77 K for 1-3 (Table 111) are consistent with those expected for a spin-forbidden transition in such metal complexes. The emitting state is thus concluded to be a triplet CC E S of mixed d -s and LMCT character.
Introduction
At elevated temperatures many metals are to some extent soluble in their molten halide salts, forming, in most cases, colored solutions. The basic physical properties and the equilibrium phase diagrams of a large number of metal-metal halide (M-MX,)
systems were determined in the 196Os, and most of this work was w-n"un in reviews by Bredid and Corbette2 some interesting 
